In the last decade metal oxides have emerged as a fascinating class of electronic materials, exhibiting a wide-range of unique and technologically relevant characteristics. For example, thin-film transistors formed from amorphous or poly-crystalline metal oxide semiconductors offer the promise of low-cost, large-area and flexible electronics, exhibiting performances comparable to or in excess of incumbent silicon-based technologies. Atomically flat interfaces between otherwise insulating or semiconducting complex oxides, are also found to be highly conducting, displaying 2-dimensional charge transport properties, strongcorrelations and even superconductivity. Field-effect devices employing such carefully engineered interfaces are hoped to one day compete with traditional group IV or III-V semiconductors for use in the next-generation of high-performance electronics. In this Concepts Article we provide an overview of the different metal oxide transistor technologies and potential future research directions. In particular we look at the recent reports of multilayer oxide thin-film transistors and the possibility of two-dimensional electron transport in these disordered/polycrystalline systems and discuss the potential of the technology for applications in large-area electronics.
Introduction
The success of group IV and III-V semiconductors has undoubtedly been one of humankind's greatest achievements, [1] with the rise of inexpensive consumer electronic devices revolutionizing almost every facet of Western society. Of particular relevance to this revolution has been the development of the so-called modulation-doped high electron mobility transistor (HEMT) technology. [2] [3] [4] In these devices dopant impurities are kept spatially separate from the transistor channel, reducing the impact of scattering from impurity ions, subsequently resulting in staggering charge carrier transport properties. At the time of publication, peak charge carrier mobilities exceeding 30 × 10 6 cm 2 V -1 s -1 have been reported, albeit at cryogenic temperatures. [5] Recently, metal oxides have emerged as a class of materials that are attracting substantial attention, due to their broad range of unique properties. [6] [7] [8] [9] In particular, thin filmtransistors (TFTs) based on metal oxide semiconductors present academia and industry with the remarkable opportunity to create a new generation of low-cost, large-area electronics that are potentially compatible with inexpensive and temperature-sensitive flexible substrate materials. [6] [7] Whilst the performance of these devices is already superior to incumbent technologies such as organic TFTs or amorphous silicon TFTs [ Figure 1 ], [10] the widespread commercialization of metal oxide TFTs demands further improvement of some of the main figures of merit, such as charge-carrier mobility, forcing device physicists and engineers to look for new and innovative solutions. Elsewhere, developments in epitaxial growth techniques over the last couple of decades [11] [12] [13] [14] have enabled the formation of oxide structures layer-by-layer, with atomically-flat terminating planes, opening the door to a wide range of novel phenomena, such as 2-dimensional charge transport, [15] [16] [17] strongly-correlated carriers [8] and high-temperature superconductivity. [18] [19] [20] In this article we aim to summarize the field of oxide-based transistors and where future emphasis from the research community will likely be placed. An overview is provided of developments in strongly-correlated oxide-oxide interfaces and how highly-conducting 2-dimensional electron gases (2DEGs) are formed at these interfaces. The current state-of-the art in this field is reviewed, describing how field-effect devices can be engineered from SrTiO 3 /LaAlO 3 perovskite or Mg x Zn 1-x O/ZnO wurzite interfaces. The field of oxide TFTs is then introduced, in-which large-area low cost devices can be formed by employing amorphous or polycrystalline metal oxide semiconductors. Finally, TFT developments of the last few years are covered, where inspiration from traditional HEMTs and innovative strongly-correlated oxide-oxide systems has been applied to produce hetero-structured, multilayer metal oxide TFTs. The concepts of analogous modulation doped structures and quantized carrier states in disordered systems are discussed, and outlooks for the future are examined.
Two-Dimensional Electron Gases at Oxide-Oxide Interfaces

Oxide Systems
Due to their highly ionic nature, complex metal oxides possess a number of unique properties [8] [9] [21] [22] offering physicists and material scientists access to a much broader region of parameter space than that offered by traditional semiconductor systems such as Si, Ge or GaAs. Unfortunately, growth techniques for complex metal oxides have trailed those of group IV or III-V semiconductors, which have for several decades dominated the world of highperformance electronics. [3] However, in the past 10-20 years dramatic developments in oxide molecular beam epitaxy (MBE) [12] [13] and pulsed laser deposition (PLD) [11] have led to the possibility of forming epitaxial oxide structures layer-by-layer, with well-defined and controlled terminating planes. [14] [15] Combined with the ability to monitor layer-by-layer growth in-situ, using techniques such as reflection high-energy electron diffraction (RHEED), [13, 15, 23] these advances have made it possible to realize structures with the same level of control as in traditional semiconductor materials. Scientists now have the tools at their disposal to fabricate previously inconceivable structures and devices. The field of complex oxides is hence today an extremely intense area of research, [6-9, 22, 24] with prodigious academic and commercial interest.
Polar Catastrophe
With the advent of layer-by-layer growth of complex oxides, the realization of a wide-range of new interfaces has become possible. One of the most intensively studied of these interfaces is that of two adjacent perovskite oxides. The perovskite crystal structure is shown in Figure   2 and is the structure of many complex metal oxides, including SrTiO 3 and LaAlO 3 . The oxide perovskite structure ABO 3 consists of alternating AO and BO 2 (001) planes, as shown in Figure 2 (right and left respectively). In the case of SrTiO 3 these planes are the charge- 2 , which have a net charge of +q and −q per two-dimensional unit cell respectively. When these two perovskites are joined at a 001 plane, the interface can either be LaO/TiO 2 [ Figure 3 ] or AlO 2 /SrO. Such interfaces possess an isolated positively or negatively charged plane which, in the absence of charge re-distribution, would give rise to the so-called polar-catastrophe [8, [21] [22] in which the electrostatic potential within the structure diverges as the thickness of the polar perovskite increases. To avoid this unphysical situation, half an electron per 2-dimensional unit cell can be transferred across the interface from LaO to TiO 2 as illustrated in Figure 3 (b) (or from SrO to AlO 2 ). Note that Figure 3 does not display the top LaO plane, which would be missing half an electron. Under these circumstances, electrons transferred across the interface are confined to a very small region vertically (simulations suggest approximately 2 unit cells [25] [26] [27] ). Such highly-confined carriers are believed to exhibit a range of interesting phenomena such as strong correlations, [8] high mobility 2-dimensional charge transport, [15] [16] extremely high (and tunable) electron density [15] [16] and superconductivity. [18] 2.3. Two-Dimensional Charge Transport at Oxide-Oxide Interfaces
In the first study of its kind, researchers from Bell Laboratories reported the formation of interfaces with atomic abruptness between the insulating perovskite oxides SrTiO 3 and LaAlO 3 . [14] Charge transport studies revealed that whilst the AlO 2 /SrO interface was insulating, the LaO / TiO 2 interface was observed to be highly conducting, with Hall mobilites in excess of 10,000 cm 2 V −1 s −1 measured at low temperatures. [15] Magnetoresistance measurements provided evidence that carrier states in this system were quantized.
Further work on this structure later saw the demonstration of field-effect currentmodulation at the interface, [16] leading the question to be raised as to whether such oxideoxide interfaces could potentially be exploited as an analogous system to traditional semiconductor heterostructures utilized in modulation-doped HEMTs? [2, 4] However the carrier mobilities reported in these SrTiO 3 /LaAlO 3 structures are still several orders of magnitude lower than those of traditional GaAs systems [ Figure 4 ], or other two-dimensional systems such as graphene. [28] Another oxide interface system which has since been studied is that of the wide-band gap semiconductor ZnO and Mg-doped ZnO. [17, [29] [30] ZnO is one of the most highly studied oxide materials [31] and shows particular promise as an active layer in transparent, large-area thinfilm transistors. [6] [7] ZnO generally crystallizes into a wurzite structure and although the interface cannot be considered in exactly the same manner as the SrTiO 3 /LaAlO 3 perovskite interface, a highly local region of charge carriers is believed to also form at the Mg x Zn 1−x O/ZnO interface. [17] ZnO and Mg x Zn 1−x O are piezoelectric materials, and in this case a strain-induced mismatch in their electrical polarization is believed to result in local charge accumulation [see Figure 5 (a)]. [9, 17] By adjusting the magnesium content in the Mg x Zn 1−x O layer, the carrier density at the interface can be adjusted [ Figure 5 (b)]. [17] An initial Hall mobility of 5,500 cm 2 V −1 s −1 was measured in this system but, significantly, the quantum Hall effect was also observed [ Figure 5 (c)]. By improving material crystallinity and purity and by optimizing the magnesium content in the Mg x Zn 1-x O layers, the quality of these heterointerface systems has been improved and mobilities up to 700,000 cm 2 V −1 s −1 have been reported [see Figure 4 (b)]. [32] [33] Furthermore, the fractional quantum Hall effect has also been recently observed in this system providing further evidence of the excellent structural quality of these interfaces. [32] [33] [34] 
Future Prospects for Oxide-Oxide Based Transistors
With the broad range of intriguing phenomena already reported, [17] [18] [19] [20] 34] it seems unlikely that electronics of the future will not involve oxide/oxide interfaces in some form. This field is clearly very much in its infancy but the number of potential applications of this system is truly mouth-watering. [8] [9] 22] The strongly-correlated nature of electrons at these interfaces, whilst alluring, still demands a great deal of understanding. [35] Indeed there also remains a great deal of debate as to the nature of the polar catastrophe [36] or if it even takes place at all. [37] As with other emergent transistor technologies [38] [39] [40] [41] [42] the difficulty is not with the technology itself, but with its competition. Si-, Ge-and GaAs-based transistors still outperform all other technologies studied since, especially at room temperature (see Figure 4) .
None-the-less progress continues to be made in this field [33] and only time will tell whether oxide/oxide interfaces can claim the throne of technology of choice for the manufacturing of high-mobility transistors for application in a range of high-end electronics.
Reduced Dimensions in Thin-Film Oxide Semiconductors
Looking away from crystalline systems, a number of emerging material technologies are currently being explored for use as amorphous or poly-crystalline active layers for TFTs.
Whilst amorphous silicon (a:Si) has traditionally been the standard material system for largearea electronics (such as in display backplanes), new semiconductor systems such as organics [43] and metal oxides [6] that can be fabricated using inexpensive processes and exhibit field-effect mobilities substantially in excess of a:Si (~0.5 cm 2 /Vs) [ Figure 1 (b)]. These systems are now gradually penetrating the electronic industry, attracting a great amount of both industrial and academic interest, while enabling new forms of electronics to be developed.
As opposed to the delocalized band-like transport observed in crystalline semiconductors, carrier transport in disordered systems is generally understood in terms of a hopping-based mechanism such as multiple-trapping and release [44] [45] or variable range hopping. [46] Under these descriptions, the local hopping probability is understood to be exponentially dependent upon the distance between transport sites. [46] As a result, roomtemperature charge carrier mobilities in disordered semiconductors tend to be at least an order of magnitude lower than those of crystalline semiconductors, [10, 47] and are more-often multiple orders of magnitude lower [ Figure 1 (a)]. [48] [49] [50] [51] [52] [53] [54] [55] Such semiconductor systems however can be grown using a diverse range of techniques, including those where the semiconductor is deposited in the liquid phase, for example via spin-coating, spray-coating or printing. [7, 56] These solution-based techniques are not only compatible with large-area, flexible substrates but also have the potential to vastly reduce product-manufacturing costs.
Whilst charge transport states in silicon and organic semiconductors are primarily highlydirectional hybridized sp-type orbitals, [57] the relevant atomic orbitals for electron-transport in metal oxides are typically spherical ns-type orbitals, in which charge-transport properties are believed to be less sensitive to orbital orientation ( Figure 6 ). [53, 58] It has thus been argued that the degree of long range structural order is of much less importance to the hopping rate, and hence charge-transport properties [59] in n-type metal oxide semiconductors, providing an inherent advantage over conventional semiconductor technologies. Conversely, hole-transport in metal oxides is dominated by directional oxygen 2p orbitals, resulting in substantially lower reported mobilities in disordered p-type oxide TFTs. [6] With regards to solution-processed semiconductors, the major bottleneck for oxidebased materials has traditionally been the high processing temperatures required to convert precursor materials into semiconductors. [60] [61] This has resulted in solution-processed organic materials generally receiving much greater attention than solution-processed oxides. [43] In the last few years however tremendous improvements have been made in reducing the processing temperature of solution-processed oxide TFTs via various processing techniques and/or using novel precursor systems, and solution-based oxide devices have now been demonstrated with processing temperatures around 200°C, [51] [52] [62] [63] which is generally considered to be the ultimate thermal budget for flexible electronics.
Heterostructure Metal Oxide Devices
In order to provide feasible technologies for applications in next-generation ultra-highdefinition displays and high-performance large-area microelectronics, device physicists continue to push for higher-and-higher field effect mobilities [see Figure 1 (b)], forcing them to turn to novel and innovative solutions. One of the most interesting and hence promising of these has been the multilayer TFT concept. Using atomic layer deposition (ALD), superlattice-based TFTs consisting of alternating layers of semiconducting ZnO and the insulator Al 2 O 3 were recently reported. [64] The mobility of these devices was found to increase Recently, a number of research groups have implemented similar approaches to enhance TFT performance by stacking different oxide semiconductors as the active channel with vacuum- [65] [66] [67] or solution- [68] [69] (IGO) layer via a solution-processed low-temperature combustion process. [68] The structure was developed in an effort to combine the high on/off ratio of single-layer IGO TFTs ( ~10 7 ) with the high electron mobility of single-layer In 2 O 3 TFTs (~2-4 cm 2 V -1 s -1 ) fabricated using the same process. The improvement is in this case attributed to the fact that the Femi level's close proximity of the conduction band minimum in the In 2 O 3 layer could induce charge transfer and pre-fill empty traps in the IGO film.
Evidence of Two-Dimensional Transport Behavior in Disordered Semiconductors
In 2010 Chin et al fabricated Mg x Zn 1−x O / ZnO heterostructures via radio-frequency (rf) sputtering [70] in an attempt to produce a disordered-semiconductor analogue of the muchstudied, crystalline Mg x Zn 1-x O/ZnO interfaces described in Section 2.3. [17] Hall mobilities in this system were observed to be approximately temperature-independent, which was attributed to the polarization-induced formation of a 2DEG at the interface between the two semiconductors. In an extension of this study, [71] analogous The disordered equivalent of the LaAlO 3 /SrTiO 3 -type interface has also been investigated. [72] Atomically flat (001)-terminated LaAlO 3 samples were grown via PLD, after which disordered LaAlO 3 , SrTiO 3 or yttria-stabilized zirconia (YSZ), all of which are electrically insulating, was deposited on top. These interfaces were found to be metallic, with a conductivity that increased with decreasing temperature. However it was observed that if the amorphous component of the interface was La 7/8 Sr 1/8 MnO 3 (LSMO), the structure was insulating.
Although the possibility of strongly-correlated electrons in a disordered system seems unlikely, the existence of quantized energy states is a notion worth interrogating [73] . The Schrödinger equation dictates that carriers spatially confined to a potential of small-enough dimensions will have access to discreet energy states rather than continuum, as is the case for carriers in a bulk material. Were one to engineer a potential well of appropriate dimensions from polycrystalline or amorphous materials, then regardless of structural roughness or disorder, carriers confined in the well should still be expected to possess discreet energies. In a potential well with a finite roughness an ensemble of electrons would however be expected to experience a distribution of well widths and hence available energies. [74] If the well-width distribution is known then one can evaluate the probability of each electron in the system experiencing a well with a certain width, and hence the probability of it having access to certain energies.
In our recent study, such a distribution was calculated for an infinite potential well with a Gaussian thickness distribution (see Figure 7) . [74] Although there is clearly a broadening of available energies as one goes from a perfect quantum well to that formed of structurally rough semiconductors, a large range of forbidden energies clearly exists, suggesting that one should indeed expect quantization to take place in semiconductors of finite, but low, roughness. In the past, quantization within GaAs/AlGaAs systems has been studied optically. [75] As a semiconductor makes the transition from bulk to 2-dimensional, the first available conduction (valance) band state increases (decreases) as the quantization of permitted energies takes place. The result is a blue-shift in the optical absorption spectrum of the system. In 2012 Hosono et al. reported the fabrication of an amorphous oxide superlattice structure [76] via rf-sputtering. The structure consisted of alternating IGZO semiconductor and Ga 2 O 3 barrier layers, and a clear blue shift (shorter wavelengths) in the optical absorption spectra was observed as the layer IGZO layer thicknesses was reduced. By employing the Kronig-Penney model, the measured change in optical band-gap was found to strongly match that expected for such a superlattice. In our recent study, a similar optical blue-shift was also observed in single films of ZnO deposited from solution-phase at low temperatures (<200 °C) on quartz substrates. [74] The latter observation is of particular importance as it demonstrates the ability to grow low-dimensional metal oxide systems using simple and highly scalable deposition methods that are compatible with inexpensive and temperature-sensitive substrate materials such as plastic.
For conventional group IV and III-V electronics, 2DEGs can also be formed via electrostatic confinement. [4] In addition to the novel phenomena arising from 2-dimensional [77]
Although a high transconductance was found in these ZnO-based MESFETs, no functional devices were measured, owing to the high barrier of the 100-nm thick MgZnO:Ga layers, prohibiting carrier injection from the source and drain electrodes. (Figure 11) . On the basis of these results the authors argued that the QSL-based TFT concept is generic and could in principle be extend to a range of other oxide semiconductor combinations and fabrication methods (e.g. sputtering, atomic layer deposition, spray pyrolysis and roll-to-roll), and provide a viable approach for overcoming device performance limitation due to the intrinsic properties of the semiconductors used. [80] Although by no-means definitive, evidence is mounting that two-dimensional transport phenomena could indeed be exploited in these disordered/polycrystalline semiconductor systems. If this is indeed possible then the commercial applications that can potentially be enabled by exploiting this fundamental physical phenomenon are both vast and exceedingly novel. In addition to analogs of modulation-doped HEMTs, [2] one can envision a number of other quantum-well-based devices such as resonant-tunneling diodes, [79] complex but simple to implement thermoelectrics [80] [81] or even quantum-cascade lasers [82] being designed using this highly versatile and inexpensive "tool-kit" of materials and fabrication processes.
Conclusions
We have presented a brief overview of the technological relevance of certain two-dimensional charge transport phenomena occurring at heterointerfaces formed between functional electronic materials, with emphasis on metal oxides, and likely future research directions. increases. [21] (b) To avoid this unphysical "polar catastrophe" situation it is believed that half an electron per 2-dimensional unit cell is transferred across the interface from the La 
